A disposable screen graphene-printed electrode (SGPE) was developed by directly printing the prepared graphene paste on the surface of screen-printed carbon working electrode, and a differential pulse stripping voltammetry (DPV) method combing with portable potensiostat were introduced to the rapid detection of trace Cd 2+ in rice samples. The surface morphology of SGPE was characterized by scanning electron microscope, and the graphene structure and its electrochemical activity were confirmed by Raman spectroscopy and cyclic voltammetry. Results showed that SGPE presents better conductivity than screen-printed carbon electrode or glass carbon electrode. The pre-concentration potential and time were optimized as -1.5 V and 500 s. And a pH 8.2 basic buffer was selected because OH -did not pose an interference (K sp of Cd(OH) 2 =2.5×10 -14 ) and show a good stripping current signal. The obtained results from portable potentiostat were similar to the results obtained by inductively coupled plasma mass spectrometry (ICP-MS). Therefore, the proposed SGPE and its effectively analytical method could be further improved for the realization of an ideally rapid on-site detector for trace Cd 2+ detection in rice samples.
INTRODUCTION
Heavy metals residues in cereals have been a cause of concern because of their bio accumulation effect on the human body [1] . Graphite furnace atomic absorption spectrometry [2] [3] , hydride generation atomic fluorescence spectrometry [4] , inductively coupled plasma mass spectrometry(ICP-MS) [5] and electro analysis [1, 6] are the main techniques employed for trace cadmium detection in rice samples. Among these techniques, graphite furnace atomic absorption spectrometry, which can achieve a detection limit of 0.001 mg/kg, was selected as a standard method in China. However, these methods suffer from serious matrix interference, and remaining methods usually require professionals and complex pre-treatment process; thus, they cannot realize rapidly onsite detection [7] [8] [9] and cannot satisfied with the huge amount of samples' requirement.
By contrast, electroanalytical methods including polarography and stripping voltammetry [10] , require significantly less expensive equipments which also can be simplified to ensure portability for trace heavy metal detection because of their rapid and on-site detection features. Nowadays, commercial heavy metal ion analyzers [11] have been introduced to the market. However, a large sample amounts and complex electrode modification were required because the detection usually need column electrodes(e.g., dropping mercury electrode [12] , glass carbon electrode [13] ,diamond electrode [14] ) which were mostly modified by polymers [15] [16] [17] , nano-materials [13, 18] , ion liquids [19] [20] to improve the conductive performances of the basic electrodes.
In this study, screen-printed carbon electrodes(SPCEs), which are mainly used in blood glucose meters [21] [22] , were introduced in the proposed detection system because of its once-used and costless advantages. Also, commercially used graphene was introduced because it has been widely reported as a good conductor. However, the graphene was mostly modified on the surface of electrode by simply mixed with nanoparticles, polymers, ion liquids [23] [24] [25] . Herein, the prepared graphene pastes, which were directly printed on the surfaces of carbon working electrodes of SPCEs, can provide good conductivity because of immobilized organized sp 2 graphite. Also, it has the advantage of mass production and good repeatability. In this study, the development of SGPEs was proved useful for Cd 2+ detection without bismuth or mercury film pre-concentration [1, [26] [27] [28] Moreover, the development of analytical instruments is moving towards to a specialized market; thus, specialized instruments with reduced size because of the development of Micro Electro Mechanical System (MEMS) technology [29] are designed for specialized detection. In this paper, the Cd 2+ detection method was successfully applied to a portable potentiostat, which could be further developed into a specialized detector for Cd 2+ detection in rice.
EXPERIMENTAL

Materials and Reagents
Graphene was purchased from Suzhou Hengqiu Graphene Co.,Ltd. Standard cadmium solution (1000 mg/L, in 1.0 mol/L HNO 3 ), tris(hydroxymethyl)aminomethane, and sodium polyacrylate (molecular weight, ~5100) were obtained from Aladdin Industrial Corporation. CH 3 
Apparatus and Measurements
Electrochemical experiments were conducted at room temperature on a CHI 660D electrochemical workstation(CHI Instruments Inc., USA) and a portable smart phone controlled potentiostat(Xenstat, Ningbo Mxense Bio-Tech Co., Ltd.). All the electrochemical experiments were performed with the SPCE (Ningbo Mxense Bio-Tech Co., Ltd.) and SGPE, including the carbon or graphene working electrode, carbon counter electrode, and Ag/AgCl reference electrode. The buffers were used as electrolytes in all the experiments. The rice samples were digested using a microwave digestion system (Sineo Microwave Chemistry Technology. Co., Ltd.). The data of the real samples were determined and compared using an ELAN DRC-e ICP-MS(Perkin Elmer). The SEM images of SPCE and SGPE morphologies were recorded using aS-4700 SEM(HITACHI, Japan). Raman spectrum was recorded using a LabRAM HR UV 800 Laser Micro Raman Spectrometer (JOBIN YVON, France).
Preparation of SPCE, Graphene Paste and SGPE
The scheme and similar fabrication steps of SPCE were reported in our previous paper [30] . Carbon ink(Jelcon AC-3G, Jujo Chemical Co., Ltd., Japan), silver ink(BY2100, Shanghai Baoyin Electronic Materials Co., Ltd., China), Ag/AgCl ink(Cambridge Nano-Tech Limited Co., Ltd., China), and insulated ink (Acheson colloids Co., USA) were successively printed using a stencil and dried in a drier after every printing.
For the preparation of the graphene paste, 2 mL of graphene slurry and 2 mL of ultrapure water were combined into 4 mL centrifuge tube at a rotation rate of 13,000 rpm for 10 min. The supernatant was decanted, and 4 mL of water was added to the precipitate. The mixture was ultrasonically dispersed to ensure optimal dispersion. Subsequently, centrifugation was performed again. The centrifugation product was ultrasonically dispersed in 0.5 mL of pure water. Finally, graphene paste was obtained.
Then, Scheme 1 shows the fabrication procession of SGPE. The graphene paste was printed on the surface of the carbon working electrode in SPCE by squeegee blade using a screen-printed stencil with 80 mesh and circle arrays (3mm diameter). Finally, the fabricated SGPE was stored in a desiccator overnight.
Cd 2+ Pre-concentration and Differential Pulse Stripping Voltammetry
Cadmium working solution (30 mL, 10 mg/L) were prepared using different buffer solutions, and each of which was placed into a 50 mL self-fabricated electrochemical cell. Each SGPE was connected to the electrochemical workstation or portable potentiostat and immersed in the buffer solution. The smartphone controls the portable potentiostat by Bluetooth, and the SGPEs immersed in the self-fabricated electrochemical cells were connected to the portable potentiostat (Scheme 1). The SGPEs were initially pre-concentrated at a potential of -1.0, -1.1, -1.2, -1.3, -1.4, -1.5 V for 200, 300, 400, 450, 500, or 550 s , respectively, under stirring. After standing for 10 s, the electrical currents of the SGPEs were measured by differential pulse stripping voltammetry (DPV) from -1.3 V to -0.5 V and recorded.
The SGPEs were cleaned for reuse. Firstly, each SGPE was transferred to a buffer solution at a potential of 0.3 V for 120 s. Then, it was immersed into NaOH(0.1 mol/L) for 10 s and washed with ultrapure water. Cleaning was terminated when the electrical current of the Cd 2+ was approximate to zero.
Scheme 1.
Scheme of the fabrication of SGPE by screen-printing and DPV performed on SGPE
Rice Samples Digestion
The rice samples were digested using the microwave digestion system. Approximately 0.3～ 0.5 g of each rice samples was added into a polytetrafluoroethylene inner pot mixed with 2.5 mL of concentrated HNO 3 and 2.5 mL of pure water. Then, each mixture was shaken well, sealed and placed in the outer pot. After setting the parameters of the microwave digestion instrument, the digestion pot was placed on the rotating disc, and the system was turned on. Subsequently, the digestion pot was placed on the cooling fan after digestion. The digestion liquid should be colorless or light yellow. Then, the digestion liquid was heated until the acid was nearly saturated. Finally, the remaining digestion liquid was transferred to a 50 mL flask, into which a buffer solution was added up to a set volume.
RESULTS AND DISCUSSION
Characterization of SGPE
The scanning electron microscopy(SEM) was employed to investigate the morphologies of SPCE and SGPE. It presented a nanosheet shape on SGPE (figure 1B) and obviously showed rougher compared with bare SPCE ( figure 1A ). Figure 1(C) shows the characteristic peaks of sp graphite material on SGPE, including the D band at 1350 cm -1 , the G band at 1582 cm -1 , and the 2D band at 2700 cm -1 . The I G /I 2D >1 and broaden 2D band show that the graphene was multilayered [31] .
Also, the SGPE reveals low background signals.
The cyclic voltammograms of glass carbon electrode [ figure 1D(a) ], bare SPCE[ figure 1D(b) ], and SGPE [ figure 1D(c) 6 ] solution is about 7 times larger than the area of SPCE. All the electrochemical results illustrate that the electrochemical behavior of SGPE is better than that of bare SPCE without electrochemical pretreatment which exhibits a weak peak on glass carbon electrode. Therefore, the good performance of SGPE contributes to the good electro activity of graphene and the roughness surface of SGPE. Finally, the repeatability (RSD=8.53% [n=9]) of the SGPEs is further determined by comparing the reduction currents of nine different electrodes in 2 mmol/L K 3 Fe(CN) 6 . 
Effects of Pre-concentration Potential, Time, Electrolytes and pH
The Cd 2+ was firstly reduced to Cd on the surface of the used sensor at negative potential. Then, the stripping curve of Cd oxidized to Cd 2+ was recorded. The stripping peak intensity of Cd was affected by the detection conditions. As shown in the cyclic voltammogram( figure 2A ) of the SGPE in 2 mmol/L K 3 [Fe(CN) 6 ] (0.1 mol/L KCl) from 0 to −1.8 V, the current increased sharply after −1.5 V, indicating the reduction in H + in the solution. Therefore, the stripping potential should be less than -1.5 V. The stripping potentials (−1.2, −1.3, −1.4 and −1.5 V) of the cadmium-SGPE were further investigated at a pre-concentration time of 500 s. The electrical currents were recorded. The current increased as the potential increased. Therefore, −1.5 V was selected for the subsequent experiment.
The stripping behaviors of 5×10 -6 mol/L cadmium ions at different pre-concentration times(100, 200, 300, 400, 450, 500 and 550 s) and a potential of -1.5 V were investigated( figure 2B ). The electrical current sharply increased from 100 to 300 s, and then slowly increased as the preconcentration time was increased to 550 s. Therefore, the amount of cadmium on the SGPE surface was nearly saturated beyond 500 s. Therefore, 500 s was selected for the subsequent experiment. 
Interferences
Previous studies reported that Ca 2+ (100 times), K + (2000 times), Na + (100 times), Mg 2+ (500 times), Fe 3+ (20 times), Zn 2+ (30 times), and Cu 2+ (4 times) as common interfering ions to 4.0×10 -7 mol/L Cd 2+ [13] . Figure 3 
Pretreatment and Recovery in Rice Samples
Recovery experiments were conducted because of the matrix effect of the rice samples. Three standard solutions of Cd 2+ were added to the negative rice samples. Table 1 shows the recoveries ranging between 82.0 % and 102.0 %. (Figure 4 ). Table 2 ). The results of the two methods were similar; therefore, Cd 2+ can be detected using an electrochemical workstation. Figure 5 ). The results obtained by the portable potentiostat were compared to those obtained by ICP-MS (Table 3) . Although the RSDs of the results of portable potentiostat were higher than those of the results of the electrochemical workstation (Table 3) , the developed portable potentiostat can be further developed for accurate and rapid on-site detection. Moreover, most the reported Cd 2+ detection methods were used for water samples, although lower detection limits presented (Table 4 ). However, the detection limit of this proposed method is 10 -7 mol/L, which has satisfied the requirement of Cd 2+ detection in rice and it is costless because of using portable potensiostat. 
CONCLUSIONS
A useful electrode for trace Cd 2+ detection in rice samples was developed by directly screenprinting graphene pastes on the surface of SPCEs. This graphene electrode can provide good conductivity and it did not require bismuth film pre-concentration. The proposed detection method was also applied to a portable smartphone-controlled electrometer for rapid on-site detection. The results obtained by the proposed detection method were in good agreement with the results obtained by ICP-MS.
